Although the central α-helical Y(X) 4 L motif (X, variable amino acid; , hydrophobic amino acid) of the translational regulator 4E-BP [eIF (eukaryotic initiation factor) 4E-binding protein] is the core binding region for the mRNA cap-binding protein eIF4E, the functions of its N-and C-terminal flexible regions for interaction with eIF4E remain to be elucidated. To identify the role for the C-terminal region in such an interaction, the binding features of full-length and sequential C-terminal deletion mutants of 4E-BPn (n = 1-3) subtypes were investigated by SPR (surface plasmon resonance) analysis and ITC (isothermal titration calorimetry). Consequently, the conserved PGVTS/T motif within the C-terminal region was shown to act as the second binding region and to play an important role in the tight binding to eIF4E. The 4E-BP subtypes increased the association constant with eIF4E by approximately 1000-fold in the presence of this conserved region compared with that in the absence of this region. The sequential deletion of this conserved region in 4E-BP1 showed that deletion of Val 81 leads to a considerable decrease in the binding ability of 4E-BP. Molecular dynamics simulation suggested that the conserved PGVTS/T region functions as a kind of paste, adhering the root of both the eIF4E N-terminal and 4E-BP C-terminal flexible regions through a hydrophobic interaction, where valine is located at the crossing position of both flexible regions. It is concluded that the conserved PGVTS/T motif within the flexible C-terminus of 4E-BP plays an auxiliary, but indispensable, role in strengthening the binding of eIF4E to the core Y(X) 4 L motif.
INTRODUCTION
The control of mRNA translation at the level of initiation is critical for gene expression in mammalian cells [1] . Eukaryotic initiation is performed by many eIFs (eukaryotic initiation factors) and regulated through changes in the phosphorylation states of eIFs and endogenous regulator proteins [2] . One of the main regulatory steps in translation initiation involves the formation of the eIF4F complex, which is a supramolecular complex of three subunits, i.e. eIF4E, eIF4A and eIF4G, and is required to recruit ribosomal subunits to mRNA during cap-dependent initiation [3] . In the first initiation step in cap-dependent translation, the m 7 G (N 7 -methylguanine) cap structure covalently attached to the 5 terminus of mRNA must be selectively recognized by eIF4E. Thus eIF4E serves as a master switch that controls eukaryotic translation, and its function in initiation is regulated by the association/dissociation of endogenous 4E-BP (eIF4E-binding protein) [2, 4, 5] .
4E-BP regulates the function of eIF4E via competitive binding with eIF4G to a common region of eIF4E [6] [7] [8] and thus plays a critical role in the proper control of protein biosynthesis. Three subtypes of 4E-BP (4E-BP1-4E-BP3) are known [2, 4] and they bind to eIF4E through a common Y(X) 4 L motif (X, variable amino acid; , hydrophobic amino acid; see Figure 1 ) [7, 8] . The hyperphosphorylation of threonine and serine residues in response to growth factors and mitogens results in the release of 4E-BP from eIF4E [5, 9] . 4E-BP itself has no secondary structure, but its Y(X) 4 L motif region forms a helical structure when bound to the conserved surface on the dorsal side of the eIF4E cap-binding pocket ( Figure 2 ) [10, 11] .
We previously identified the 4E-BP-binding pocket of eIF4E in the mRNA cap-bound state using X-ray crystal structure analysis of the m 7 GpppA-eIF4E-4E-BP peptide (Thr 36 -Thr 70 fragment of human 4E-BP1) ternary complex [11] . However, the structural scaffold for the regulatory function of eIF4E by 4E-BP remains to be elucidated at the atomic level, because the N-and C-terminal sequences of 4E-BP are both structurally flexible and thus could not be observed in the crystal structure. The importance of such conformational flexibility for the proper functioning of proteins has received much attention [12] [13] [14] [15] . For example, the N-terminal region of eIF4E actively participates in the conformational coupling between eIF4E and eIF4G, thus enhancing ribosome loading on to the mRNA cap, although its structure is flexible and scarcely contributes to the ternary structural formation of eIF4E [12] . Therefore we have been investigating the function of the N-and C-terminal flexible regions of 4E-BP in their interaction with eIF4E; the N-and C-terminal regions are regions upstream and downstream of the central Y(X) 4 L motif respectively (see Figure 1 ).
Previously we determined the kinetic parameters of the interaction of 4E-BP2 with m 7 GTP-bound eIF4E by SPR (surface plasmon resonance) analysis using sequential N-and/or Cterminal deletion mutants. As a result, the flexible N-terminal 1-45 amino acids scarcely participated in the interaction with eIF4E [16] . In contrast, the C-terminal His 74 -Glu 89 sequence of 4E-BP2 showed a marked contribution to the binding of eIF4E. The eIF4E and the 4E-BP1 peptide are shown using the ribbon model, and m 7 GpppA is depicted using the stick-bond model. H1-H3, S1-S3 and S8 represent the number of α-helices (H) and β-strands (S) of eIF4E respectively.
As this second eIF4E-binding region of 4E-BP2 appears to be important for understanding the functional regulation of eIF4E by 4E-BP, in the present study, we analysed in detail the Cterminal sequences of 4E-BP1-4E-BP3 subtypes to clarify the critical residues and their structural function in the interaction with eIF4E using full-length and sequential C-terminal deletion mutants. Clarification of the role of the 4E-BP flexible region in the interaction with eIF4E would help us to understand the functional difference between 4E-BP and eIF4G via binding to the common region of eIF4E.
EXPERIMENTAL Preparation of full-length 4E-BP1-4E-BP3 and their N-or C-terminal deletion mutants
Gene expression in Escherichia coli and the isolation of the N-terminal GST (glutathione transferase)-fused human fulllength 4E-BP1-4E-BP3 and their purification by glutathioneSepharose 4B affinity and anion-exchange chromatography were performed as reported previously [17, 18] . For sample preparation 50 mM Tris/HCl (pH 8.0) supplemented with 1 mM EDTA and 100 mM NaCl was used as the buffer. GST was removed using a PreScission Protease kit (Amersham Biosciences), and the resulting GST-free 4E-BP was separated by gel chromatography.
The gene encoding the sequential N-or C-terminal deletion of 4E-BP (abbreviated as Ndxx-or Cdyy-4E-BP respectively) was constructed by TA cloning. Each gene was amplified by PCR using a primer designed to produce each deleted gene and rTaq polymerase. After purification, the gene was inserted into the pGEM T-Easy vector and transformed in the DHα strain. After purifying the plasmid, the respective deleted genes were excised using restriction enzymes; these genes were verified by forward and reverse dideoxy sequencing. Transformation into the pET23b vector, gene expression in the BL21(DE3) strain and purification of the expressed protein was then performed in the same manner as that for full-length 4E-BP. The N-and C-terminal-deleted mutants of 4E-BP were also prepared using the same method.
Preparation of m 7 GTP-free or m 7 GTP-bound full-length or N-terminal-residue-deleted eIF4Es
The gene construction, expression and purification of full-length or N-terminal-residue-deleted eIF4E in E. coli was performed as described previously [19] . A supernatant containing the recombinant protein was applied to the m 7 GTP-Sepharose 4B affinity column equilibrated with 20 mM Hepes/KOH (pH 7.5) buffer containing 1 mM DTT (dithiothreitol), 0.1 mM EDTA and 100 mM KCl. m 7 GTP-free or m 7 GTP-bound full-length or Nterminal-residue-deleted eIF4Es were prepared by elution with the same buffer supplemented with 1 M KCl and 100 μM m 7 GTP, respectively; m 7 GTP-free eIF4E was further purified by gel filtration. The eluate was concentrated using Centricon 10 filters (Amicon) to the desired concentration, which was determined using the Bradford method [19a] . The purity of the sample was confirmed on the basis of a single band detected by SDS/PAGE.
SPR analysis
A binding assay was performed using BIAcore X as described in our previous study [16] . The ligand, full-length 4E-BP or its deletion mutant was immobilized on a CM5 sensor chip using the amine-coupling method, according to the manufacturer's protocol; that is, 10 μg/ml protein was reacted with the sensor chip in 10 mM sodium acetate buffer (pH 4.5) and the concentration of the immobilized protein was adjusted to approximately 150 RU (resonance units) within the range recommended for the accurate measurement of the kinetic parameters [20] . As the analyte, m 7 GTP-free or m 7 GTP-bound full-length eIF4E or its N-terminal deletion mutant was then injected as a function of concentration. Each cycle consisted of the injection of the indicated amount (15-25 μl) of eIF4E into the BIAcore running buffer [10 mM Hepes/NaOH (pH 7.4), 150 mM NaCl, 3 mM EDTA and 0.05 % surfactant P20]. The chip was regenerated after each cycle by washing three times with 10-20 μl of 2 M NaCl and five times with 15 μl of running buffer. The measurement was performed at a flow rate of 5 μl/min at 25
• C. The response from the nonimmobilized chip measured as a reference was subtracted from the sample response to obtain the sensorgram for a specific interaction and then the sensorgram obtained was evaluated using the BIAevaluation software package. The respective values were checked for consistency using local fitting for each analyte concentration. The kinetic parameters of the association rate k a , the dissociation rate k d and the equilibrium dissociation constant 
ITC (isothermal titration calorimetry)
ITC was performed to obtain the thermodynamic parameters of the interaction using the VP-ITC titration calorimetric system (Microcal). The 5 μM eIF4E solution in the calorimetric cell was titrated with 50 μM 4E-BP solution dissolved in the same buffer [20 mM NaH 2 PO 4 /NaOH (pH 7.4) and 100 mM NaCl] in the titration cell. Before the measurement, both samples were properly degassed and carefully loaded into their respective cells to avoid bubble formation during stirring, and the heat due to the interaction of both molecules was measured as the difference between the heat of reaction and the corresponding heat of dilution. ITC measurement was performed on the m 7 GTP-free and m 7 GTP-bound eIF4Es to investigate the effect of the mRNA cap structure on the interaction, and the thermodynamic parameters were estimated using a one-site or two-site model.
MD (molecular dynamics) simulation
To estimate a possible binding region of the C-terminal sequence of 4E-BP2 on the molecular surface of eIF4E, we previously performed an MD calculation of the eIF4E-4E-BP2 fragment (Pro 47 -Asp 90 ) complex for 3 ns [16] . Consequently, the stable binding of the Cys 73 -Glu 89 sequence of 4EBP2 at the root (Ile 35 -Pro 38 ) of the N-terminal flexible region of eIF4E through relatively weak hydrophobic interactions was suggested. To confirm the extent of the stability of this hydrophobic interaction in the dynamic state, in the present study, the MD simulation of this complex was performed for 10 ns, assuming a neutral state in an aqueous solution. The atomic co-ordinates for MD simulation were constructed from the X-ray crystal structure of the m 7 GpppA-eIF4E-4E-BP1 fragment ternary complex [11] (PDB code 1WKW) and by referring to the NMR data published by Gross et al. [12] (PDB code 1RF8). Each solute (i.e. eIF4E, 4E-BP2 fragment peptide and chloride ions) was placed in a rectangular box [89 × 58 × 70 Å 3 (1 Å = 0.1 nm)] filled with TIP3P water molecules [21] . An AMBER all-atom-force-field parameter [22] was used for these solutes. The MD simulation was performed using the AMBER 7 program (http://ambermd.org/), with the parameters the same as those used in our previous study [11] .
RESULTS

SPR analysis
Previous SPR analysis showed the notable contribution of the C-terminal side, but not the N-terminal side, of 4E-BP2 to the binding to eIF4E, in addition to the Y(X) 4 L -binding sequence (first binding region) of the central region [16] , suggesting the second eIF4E-binding site in the C-terminal region of 4E-BP. As the regulatory mechanism of eIF4E by 4E-BP has not yet been fully elucidated, a detailed structural and functional analysis of this second region is very important. In the present study, we performed SPR analysis of 4E-BP1-4E-BP3 subtypes to determine the critical residue or sequence of the second binding region for the interaction with eIF4E and to clarify its structural function.
The k a , k d and K d values of a series of C-terminal deletion mutants of 4E-BP1-4E-BP3 are given in Table 1 . The SPR profiles of m 7 GTP-bound eIF4E-4E-BP1 complexes are shown in Figure 3 . The sensorgram for the interaction with eIF4E showed a considerable difference depending on the C-terminal deletion length of 4E-BP1. Such differences were also observed for 4E-BP2 and 4E-BP3.
4E-BP1-4E-BP3 subtypes have a common eIF4E-binding site in the C-terminal region
It was reconfirmed that the N-terminal flexible 1-45 amino acid region of 4E-BP2 has no notable contribution to the interaction with eIF4E. The k a (10 5 ) and k d (10 − 3 ) values were of similar orders, and the K d values of the 12 residues from the N-terminal deletion mutant of 4E-BP2 (Nd12-4E-BP2), 32 residues from the N-terminal deletion mutant of 4E-BP2 (Nd32-4E-BP2) and 45 residues from the N-terminal deletion mutant of 4E-BP2 (Nd45-4E-BP2) with m 7 GTP-bound eIF4E were almost of the same order as that of full-length 4EBP2 ( Table 1) . As 4E-BP2 has the longest N-terminal sequence among the three 4E-BP subtypes (Figure 1 ), the N-terminal flexible regions of 4E-BP1 and 4E-BP3 are assumed to exert a similar behaviour for the interaction with eIF4E.
In contrast, the sequential deletion analysis of the C-terminal flexible region showed a remarkable contribution to the interaction with eIF4E. Note that the SPR profile between the 35 and 40 residues from C-terminal deletion mutants of 4E-BP1 (Cd35-and Cd40-4E-BP1 respectively) showed a marked difference for the interaction with eIF4E (Figure 3 ), whereas the SPR profiles between Cd35-4E-BP1 and full-length 4E-BP1, and between Cd40-4E-BP1 and Cd47-4E-BP1 gave respective similar kinetic parameters. The association and dissociation rates of Cd40-and Cd47-4E-BP1s are characteristically too high to be accurately estimated using the Langmuir (1:1) binding model. This means that the deficit of the C-terminal 36-40 amino acid region markedly changes the interaction mode with eIF4E, and that the essential binding region with eIF4E is in the Pro-Gly-Val-Thr-Ser (amino acids 79-83) sequence (Figure 1 ). The K d values estimated using the Langmuir (1:1) binding or the Scatchard affinity model (Table 1) show that the deletion of more than 40 residues at the C-terminus of 4E-BP1 weakens the interaction with eIF4E by approximately two orders of magnitude, compared with that in the case of full-length 4E-BP, whereas the deletion of less than 35 residues scarcely affects the kinetic parameters. On the other hand, the SPR profiles of 4E-BP1 and its deletion mutants scarcely differed between m 7 GTP-free eIF4E and m 7 GTP-bound eIF4E, indicating that the binding of 4E-BP1 to eIF4E is not directly affected by mRNA cap binding to the pocket located at the C-terminus of eIF4E (Figure 2 ). Similar marked differences were also observed for the SPR profiles of 4E-BP2 and 4E-BP3, and a difference of approximately three orders of magnitude was observed between the K d values of the Cd31-4E-BP2 and Cd47-4E-BP2 mutants, and between those of the Cd26-4E-BP3 and Cd38-4E-BP3 mutants (Table 1) . These results clearly show that 4E-BP1-4E-BP3 have a common eIF4E-binding site (second binding region) in their C-terminal conserved Pro-Gly-Val-Thr-Ser/Thr (PGVTS/T) sequence (Figure 1 ).
Val
81 is an essential residue in the second eIF4E-binding region of 4E-BP1
To determine which residue or sequence is most essential in the second binding region of 4E-BP1, a sequential deletion analysis of the PGVTS sequence was performed. As seen in Table 2 (compare row 5 with row 6) the association constant was significantly decreased by the deletion from the C-terminal to Val 81 compared with the Cd37-and Cd38-4E-BP1 mutants: a difference in K d of more than one order of magnitude was observed between the presence and absence of this residue. The importance of Val 81 for the interaction with eIF4E was supported by the V81A mutant of Cd36 and Cd37-4E-PB1: the mutation of C-terminal Iso-ProGly-Ala decreased the association constant by approximately onefifth, compared with that of Cd37-4E-BP1 (C-terminal Iso-ProGly-Val), and this was mainly due to the increased k d value and the unchanged k a value ( Table 2 , compare row 5 with row 10).
In contrast, Ser 83 appeared to not significantly contribute to the interaction with eIF4E, because its K d value was almost within the same range as that of Cd35-4E-BP1 (Table 2 , compare row 3 with row 4). The 4E-BP1 mutants with a deletion of less than 36 or more than 38 residues from the C-terminus exhibited nearly the same K d values on the order of ∼ 9 × 10 − 9 and ∼ 2 × 10
respectively. Thus Val 81 is concluded to be the major residue in the second eIF4E-binding site of 4E-BP1. Although such sequential deletion experiments have not yet been performed on 4E-BP2 and 4E-BP3, the same conclusion could be assumed because of their similar sequences ( Figure 1) ; the K d values of Cd40-4E-BP2 and Cd34-4E-BP3 in the interaction with m 7 GTP-free or -bound eIF4E are almost in the same range as that of 4E-BP1 lacking the second binding region ( Table 1 ).
The N-terminal flexible region of eIF4E controls the binding of 4E-BP through the interaction with the second binding region
The crystal structure of the m 7 GpppA-eIF4E-4E-BP1 peptide ternary complex [11] showed possible overlapping of the second binding region of 4E-BP with the H1 (Thr 68 -His 79 ) and/or H2 (Gln 120 -Asp 140 ) helices of eIF4E ( Figure 2) . As the N-terminal region of eIF4E is flexible enough to interact with the C-terminal domain of 4E-BP, we investigated the effect of both flexible regions on the interaction (Table 3 ). The N-terminal 33 residues of eIF4E correspond to the flexible region and form no secondary structure; this region was not observed in the crystal structure owing to its high thermal motion. 4E-BP1-4E-BP3, including the C-terminal second binding region, exhibit similar binding affinities to eIF4E despite the presence or absence of their N-terminal flexible region. In contrast, 4E-BP1-4E-BP3 lacking their second binding region showed higher association constants by approximately one order of magnitude for the interaction with the N-terminal-residuedeleted eIF4E than the full-length eIF4E. As the N-terminal region of 4E-BP had no contribution to the interaction with eIF4E (Table 1) [16] , this result indicates that the N-terminal flexible region of eIF4E controls the binding of 4E-BP by suppressing the interaction with the second binding region.
ITC
To determine how strongly the second binding region of 4E-BP interacts with eIF4E compared with the first Y(X) 4 Table 1 ). The dissociation constant of peptide I was of the order of ∼ 10 − 6 , three orders of magnitude less than that of full-length 4E-BP1, and no notable SPR signal was observed for peptide II. In contrast, the K d of both N-and C-termini deleted Nd45/Cd31-4E-BP2 (including the first and second binding sites) was approximately 3-fold larger than that of peptide I and is within the range of that of fulllength 4E-BP2. This clearly indicates that both peptide sequences, Thr 46 -Thr 70 and His 74 -Glu 89 , are indispensable for revealing the intact interaction of 4E-BP2 with eIF4E, where the second binding region plays an auxiliary, but important, role in the interaction with eIF4E. To confirm this insight thermodynamically, ITC analysis was performed using peptides I, II and III (Ile 52 -Glu 89 including the first and second binding sites). The results are given in Table 4 , together with the data for full-length eIF4E and 4E-BP subtypes and their deleted mutants; the thermodynamic parameters were estimated using a one-site model; however, for peptide III the two-site model was used. The interactions were all exothermic and enthalpy-driven.
Synergistic collaboration between the first and second binding sites for binding to eIF4E is observed using peptides, but is screened by the existence of the flexible region 4 L motif], showed a one-step binding profile with thermal parameters similar to those of Cd40-4E-BP1 and Cd40-4E-BP2. In contrast, peptide II, which includes only the second binding region, gave no notable binding profile, indicating that the His 74 -Glu 89 sequence alone is too weak to detect the interaction with eIF4E by ITC; such a weak interaction was also shown by SPR analysis (Table 1) [16] .
On the other hand, peptide III showed a two-step binding profile, in which two types of sigmoid curve were observed in 0- In other words, the large K a and negative G at n = 0.57 imply that the docking of 4E-BP to eIF4E through the first binding region is ensured by the synergistic function of the second binding region.
To investigate the effect of the 4E-BP C-terminal flexible region on the interaction with eIF4E, the thermodynamic parameters of the 4E-BP mutants were estimated ( Table 4 ). The ITC profiles of the full-length 4E-BP2 and Cd40-4E-BP2 mutant for the interaction with m 7 GTP-bound full-length eIF4E are shown in Figures 4(c) and 4(d) . Notably, these show similar one-site binding profiles despite the length of the deleted C-terminal residues, although their K a values were approximately one order of magnitude larger in the presence of the second binding domain than in its absence. Similar one-site binding profiles were also 
Nd33-eIF4E Full-length 4E-BP1 5.27 × 10 Nd33-eIF4E Cd40-4E-BP2 6.56 × 10 observed for the interaction of the Nd45-4E-BP2 and Nd45-4E-BP1 mutants with eIF4E. Thus this ITC result shows that the Nand C-terminal flexible regions of 4E-BP behave so as to cover the inherent two-step binding via the first and second binding regions, i.e. the collaborative interaction between the first and second binding regions, as was observed for peptide III.
The N-terminal flexible region of eIF4E scarcely affects the interaction with 4E-BP
The crystal structure of the m 7 GpppA-eIF4E-4E-BP1 fragment ternary complex [11] suggested an interaction between the Nterminal flexible region of eIF4E and both terminal regions of 4E-BP, although none of these regions were observed because of their high thermal motions. Therefore we investigated the effect of the N-terminal flexible region of eIF4E on the interaction with 4E-BP1, using Nd33-eIF4E (Table 4) . Consequently, a one-site binding profile was obtained, regardless of full-length 4E-BP1 or its deletion mutant, and it was shown that the N-terminal flexible region of eIF4E scarcely affected the interaction with 4E-BP1.
Different interaction behaviour observed by the ITC and SPR analyses
The ITC analysis showed different results from the SPR analysis in the following respects: (i) the ITC analysis showed that the presence of the 4E-BP N-terminal domain increases the K a value by approximately one order of magnitude (Table 4) , whereas no notable contribution of the N-terminal region of 4E-BP to the interaction with eIF4E was observed by SPR analysis (Table 1) , and (ii) ITC showed no notable affect of the eIF4E N-terminal flexible region on the interaction with 4E-BP1 (Table 4) , whereas the SPR analysis showed that the N-terminal flexible region of eIF4E disrupts the interaction of the second binding region with 4E-BP (Table 3) .
Although this discrepancy remains unclear, it may be partly due to the different observations of the molecular interaction, i.e. the SPR analysis reflecting a dynamic interaction and the ITC analysis reflecting a static interaction. The interaction between the flexible regions in aqueous solution may not be sensitively detected by the static ITC analysis compared with the dynamic SPR analysis.
Possible binding mode of 4E-BP to eIF4E by MD calculation
We previously performed MD simulation for 3 ns to estimate the possible interaction between the eIF4E and 4E-BP2 Pro 47 -Asp 90 fragment in an aqueous solution [16] . The result suggested that the second binding region (Cys 73 -Glu 89 ) is located at the root of the N-terminal flexible region of eIF4E through relatively weak hydrophobic interactions [16] . This result appears to be important for elucidating the regulatory mechanism of eIF4E by 4E-BP, because a similar binding mode was reported for the interaction of eIF4G with eIF4E [12] . Therefore, in the present study, we performed MD simulation for 10 ns to more accurately simulate the structural features and stability of this non-specific hydrophobic interaction.
The MD snapshot at 10 ns (Figure 5a) leads to a considerable decrease in the association constant with eIF4E (Table 2 ) emphasizes the importance of Val 81 at this position for maintaining the stable interaction with eIF4E through the first binding region. The importance of Val 81 via its hydrophobic interaction with eIF4E was also supported by the V81A mutation (Table 2) . Thus the second binding region plays an important role in the clipping between the eIF4E N-terminal and 4E-BP C-terminal flexible regions.
It is interesting to note that the N-and C-terminal regions of the 4E-BP2 fragment approach each other as the MD simulation progresses, forming a ring structure through the electrostatic interactions between Arg 51 and Gly 85 /Asp 90 residues after 4 ns (Figures 5b and 6d) . Although MD simulation for such a flexible region is largely dependent on the starting structure and thus could not effectively provide its exact conformation, this ring formation may be one reason why the N-and C-terminal flexible regions of 4E-BP form a molecular bracelet that wraps around the Nterminus of eIF4E.
DISCUSSION
Although the central α-helical Y(X) 4 L motif (X, variable amino acids; , hydrophobic amino acids) of the translational regulator 4E-BP is the core binding region for the mRNA cap-binding protein eIF4E, the functions of its N-and C-terminal flexible regions remain to be elucidated. As the importance of such conformational flexibility for the proper functioning of proteins has received much attention in recent years, we have been investigating the function of the N-and C-terminal flexible regions of 4E-BP1-4E-BP3 subtypes in their interactions with eIF4E. Previous SPR analysis using sequential N-terminal deletion mutants of 4E-BP2 showed no notable contribution of the N- terminal flexible region (1-45 amino acid sequence) to the interaction with eIF4E [16] . Therefore, in the present study, we mainly investigated the functions of the C-terminal flexible regions of 4E-BP1-4E-BP3 in the interaction with eIF4E using their sequential C-terminal deletion mutants. Consequently, the SPR analyses confirmed the presence of the second eIF4E-binding site in the C-terminal conserved sequence (Pro-Gly-Gly-Val-ThrSer/Thr) of 4E-BP and identified valine as the most essential residue for the binding. We also clarified that, although the central α-helical Y(X) 4 L motif of 4E-BP is the first binding region for eIF4E, its intact association with eIF4E requires the auxiliary, but synergistic, function of the second binding region and that the N-terminal flexible region of eIF4E acts as a regulator for the binding to 4E-BP through its suppressive interaction with the second binding site. On the other hand, the ITC analysis showed that the interaction between 4E-BP and eIF4E is enthalpy-driven and that the association constant is approximately one order of magnitude larger in the presence than in the absence of the second binding region. The ITC profiles using the fragment peptides of 4E-BP showed the synergistic association between the first and second binding sites of 4E-BP for the interaction with eIF4E. However, the presence of flexible regions of eIF4E and/or 4E-BP act so as to cover the inherent interaction feature, where the two-site binding profile based on each different binding region is integrated into a one-site binding profile.
The MD simulation for 10 ns suggested that the second binding region plays a role in the clipping between the eIF4E N-terminal and 4E-BP2 C-terminal flexible regions, where Val 81 in the conserved sequence is located at a crossing position between the 4E-BP2 C-terminal and eIF4E N-terminal flexible regions through hydrophobic interactions. This situation clearly explains the dynamic SPR results. The binding of the 4E-BP subtype to eIF4E via the hydrogen bonds of the first binding region and the hydrophobic interactions of the second binding region would stabilize the complex and lead to a high resistance for the release of 4E-BP from the complex. This may explain why
